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INEX Modeling of the Boeing Ring Optical Resonator Free-Electron bser’

J. C. Goldstein, Ft. L. Tokar, B. D. McVey, C. J. Elliott, D. H. DowelI”*, M. L. Laucks**, and
A. R. Lowrey**

Group X-1, MS E531

Los Alamos National bbxatory

Los Alamos, NM 87545

We present new results from the integrated numerical modei of the accelerator/beam
transport system and ring optical resonator of the Boeing free-electron laser experiment.
Modifications of the electron-beam transport have been Inchded in a previously devel-
oped PARMEIA model and are shown to reduce dramatically emittance growth in the
180° bend. The new numerically generated electron beam is used in the 3-D FEL simula-
tion code FELEX to calculate expected laser characteristics with the ring optical resona-
tor and the 5-m untapered THUNDER wiggler, Gain, extraction efficiency, and optical
power are compared with experimental data, Performance sensitivity to optical cavity
misalignments is studied.

● Work pefiormed under the auspices of the U, S. Departmmt of Energy and supported
by the U.S. Amny Balllstic Mlsslle Defense organization.

●“Boeing Aerospace and Electronics, Seattle, Washington.



L introduction

The opticx.: .wsonator of the Boeing rf-linac-driven free-e! ectron laser (FEL) oscil-

lator has been reconfigured during the past one year from a two rnimorconventional opti-

cal ~vity to a multiple-mirror unidirectional ring resonator. Characteristics of the

performance of the FEL with the conventional resonator have reported in [1] and com-

pared with theoretical simulations in [2]. The present work ek~ends the modeling in [2] by

incorporating changes in the beam transpofi system into the PARMELA model of the ac-

celerator system. The resulting electron beam micropulse has been used to study some

characteristics of the FEL with the ring optioal resonator,

Modeling in [2] of the transpod of the electron beam around the 180° bend of the

Boeing accelerator system showed that emittance growth would be reduced as the trans-

veme size of the electron beam at the entrance to the bend was reduced. Transport of

the electrons between the end of the accelerator and the beginning of the 180° bend was

accomplished by a FODO array of 10 quadruples. This system had a limited ability to

focus the beam to a small size at the entrance of the bend, During the time that the opti-

cal elements of the ring resonator were being installed, the FODO array was replaced

with two quadruple triplets. The triplets could produce a smaller spot at the bend. This

modification has been included in the accelerator model of [2], and we discuss the con-

sequences for the numerically generated electron micropulse.

Operatio~~of the ring resonator FEL has this far been hampered by startup prob-

lems. We study the sensitivity of the small. signal gain to variations of electron-beam

properties. Startup k also hindered by improper alignment of the ring resonator which

can oause large round-trip optical losses, We “udy some aspects of misalignments of

the resonator. Finally, we obtain steady -sta!e laser performance with the 5-m untapered

THUNDER wiggler [3].



IL Accelerator/Electron Beam Transporl Modellng

A complete description of the Boeing rf-linac can be found in [4]. A major prob-

lem with the operation of the beam transpofi system [2] has been large emittance grow!h

during transport around the 180° bend. It was shown in [2] that this emittance growth is

very sensitive to the transverse dimensions of the electron beam as it enters the bend.

Reducticn of emittance growth in the bend was Gc!IievGdby using the FODO array of ten

quadruple magnets, located between the end of the accelerator and the entrance of ?he

180° bend, to focus the beam [2].

however, the FODO array had a limited focusing capability. Therefore, it was re-

moved and replaced by two quadruple triplet magnets. We have made the equivalent

change in the PARMEIJ4 model of the accelerator/beam transport system. We found

that the best performance was achieved by turning off the fimt triplet and only using the

second one (the one closest to the bend’s entrance), Figures [1] - [4] show, respectively,

electron beam phase space properties from the numerical simulation at the end of the

accelerator, at the entrance to the 180° bend, a; the exit of the180° bend, and at the en-

trance to the wiggler. The “86Yo” normalized transverse emittance was reduced by the

new focusing system from about 140K mm-mr to about 85n mm-mr. Experimentally, the

measured emlttance at the entrance to the wiggler was seen to drop from about 160 n

mm-mr to about 100 x mm-mr (+ 15Yo). Figure [5] shows further properties of the elec-

tron micropulse at the entrance to the wiggler: Fig, [5a] shows the current profile in a

pulse of about 12 pa width: Fig. [5b] shows that the total energy spread is about 0,250/o;

Figs. [5e] and [~ show, respectively, the variation of the x-emlttance and y-emlttance as

a function of position within the micropulse (the plane of the 180° bend Is the xz plane),



Ill. FEL Simulations

The optical resonator of the Boeing FEL was changed from a conventional two

mirror resonator [1], [2] to a unidirectional ring resonator [5], [6] which consists of two

telescopes. Each telescope has a grazing angle-of-incidence hyperboloidal mirror and a

paraboloidal mirror. Eventually, sideband suppression and output coupling will be done

via a grating rhomb, but at present the gratings have been replaced by two flat mirrom

one of which is used as an output coupler.

Proper alignment of the ring resonator has been difficult to achieve. A primary

consequence of this has been the measurement of anomalously large empty cavity

roundtrip optical losses. For example, for perfect alignment, the known mirror reflectivi-

ties yield a round-trip cavity loss of about 23.75°/0. lilting the downstream paraboloid by

4uR increases the loss to about 25,5°/0,and increasing the tilt to 1@R causes the losses

to rise to 63.7Y0. A preliminary alignment resulted in measured round-trip losses of 70-

80’XOper pass. For comparison, the previous two mirror cavity typically had losses of

7.5% per pass [2].

Under these circumstances, startup of the laser has been difficult and erratic. We

have, therefore, studied the dependence of the expected stnall-signal gain upon various

characteristics of the electron beam and wiggler. We expect that there will be fluctua-

tions from rnlcropulse to mlcropulse about the characteristics given by the PARMELA

simulatiol~s. Figure 6 shows contour plots of the small-signal gain (defined to be the out-

put power divided by the input power) for various values of peak current and energy

spread (for a fixed emittance of 105rcmm-mr)i Figure 7 shows contour plots of galr~as a

function of energy spread and emlttemce for e fixed peak current of 250A. Figure 8

shows contour plots of the gain as a function of peak current and emittance at a fixed en-

ergy spread of 0.5°/00All of these results are from single-pass single-wavefront 3-D FEL-



EX simulations. Some additional results: mismatch of the electron beam to the wiggler

by* 50°/0(which results in betatron oscillations) reduces the small-signal gain by about a

factor of two; offset of the optical axis from the electron beam (assumed to be coaxial

with the wiggler) by one-half of the empty cavity focal spot radius reduces the gain by

30%, while an offset equal to the focal spot radius reduces the gain by 609fo; 0.5% rms

wiggler field errors reduce the gain by about 3(EXO from the perfect wiggler case.

All of the above calculations were single-pass, assuming that the initial optical

mode was Gaussian with a 2.4-m Rayleigh range. We have also performed several dif-

ferent kinds o! multiple pass simulations. In Fig. (9a) we show tl~e calculated oscillation

(Walking mode”, [7], [8]) of the optical beam centroid due to a04~R tilt of the downstream

paraboloid for the unloaded cavity. In Fig. (9b) we show the same plot except in the pres-

ence of gain. Note that the steady-state displacement of the centroid of the optical mode

is about two thirds of the radius of the focal spct for the aligned cavity. The small-signal

gain is reduced by about a factor of four from that in the aligned case. Elimination of

walking mode effects appears to be a sens!tive way to align the ring resonator [9].

Resonator alignment determines round-trip losses and can be critical in determin-

ing if the FEL is above threshold. Figure 10 shows startup simulations from spontaneous

emission noise for two cases, 800/’ round-trip loss and 70% round trip loss. The as-

sumed electron beam conditions were 240A peak current, 160n mm-mr emittance, and

1‘A energy spread. The 80% loss case achieves only 10% net gain after 100 passes,

while the 70% loss case reaches saturation, Losses during startup exceed the empty

cavity losses because the spontar~eous emission is not limited to the lowest order empty

cavity elgenmodes.

Finally, we have studied the effects of jitter of the mean energy o! successive mi-



cropulses upon the performance of the FEL. Figure (11a) shows the buildup to steady

state for the extraction efficiency for a 250 A, 105 z mm-mr emittance, 0.5Y40energy

spread electron beam in an aligned resonator. FQure (11b) shows the effects of 0.3V0

rms random jitter in the mean micropulse energy: one sees that the steady state extrac-

tion efficiency is reduced from the no jitler case by about 3WY0.

IV. Summa~ and Conclusions

We have studied some aspects of the Boeing ring optical resonator FEL oscillator

experiment with the INEX simulation method. We modified the previous transport line

between the end of the rf-linac and the entrance of the 180° bend and found that emit-

tance growth in the bend was substantially (by about 409fo)reduced, in qualitative agree-

ment with experiments. We have studied the dependence of the small-signal gain upon

various electron-beam parameters such as peak cument, emittance, and energy spread

We have also studied gain degradation due to an offset between the wiggler and optical

axes, and wiggler field errors. Multiple pass simulations were used to study walking

mode effects in a misaligned resonator, startup from spontaneous emission noise, and

performance with jitter in the micropulse mean enef’gy.
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Figure 1: Cablated electron beam phase space charactentil~ at the end of the !inac.
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Figure 2: Calculated electron beam phase space charactensti~ at the entrance to
the 180° bend.
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Figure 3: Calwlated electron beam phase space chamctenStiCS at the exit of the 180°
bend.
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Figure 4: Calculated electron beam phase-space characteristics at the entrance to the
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Figure 5a: Calculated micropulse cxment profile.
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Figure 5b: Calculated micropulse energy distribution.
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Figure 6c: Calculated x-emittance vs. position in micropulse.
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Figure 5d: Calculated y-emittance vs. position in micmpulse.
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Figure 6: Small-signal gain as a function of peak current and ene~y spread at a fixed
emittance of 105n mm-mr.
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Figure 7: Small-signal gain
current of 250A.
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Figure 8: Small-signal gain as a function of peak current and emittance at a fixed ener-
gy spread of 0.5Y0.
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Figure 9a: Empty cavity walking mode for#pR tilt of the downstream paraboloid.
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Figure 9b: Loaded cavity walking mode for@4pFttilt of the downstream paraboloid.
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Ring Resonator Net Gain
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Figure 10: Startup from noise for roundtrlp cavity loss of 80% and 70% per pass.



Figure 11a. Extraction efficiency vs. pass number for no energy jitter.
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Figure 11b: Extraction efficiency VS.pass number for 0.3’?/.rms energy jitter.
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